Introduction
The diatom genus Gomphonema Ehrenberg is large, including over 500 taxa worldwide (Fourtanier & Kociolek 2009 ). While its members are almost exclusively freshwater in terms of habitats, and many species are associated with impacted trophic levels (e.g. Patrick in Patrick & Reimer 1966) , the genus is quite diverse morphologically. Variation in valve ultrastructure includes presence or absence of stigmata, areolar structure, structure and position of the apical pore fields, and presence/absence of spines to name a few (Kociolek & Stoermer 1993 , but also see Metzeltin & Lange-Bertalot 1998 , Reichardt 1999 . While some species of Gomphonema appear to be cosmopolitan in their distribution (for example, it appears that G. parvulum (Kützing) Kützing has been reported from all continents on earth), there are many reports of endemic species of Gomphonema from South America (Fricke 1904; Metzeltin & Lange-Bertalot 2007) , Africa (Compère 1995 , Hustedt 1949 , Kociolek & Stoermer 1991 , Madagascar (Spaulding & Kociolek 1998) , North America (Kociolek & Kingston 1999 , Thomas et al. 2009 ), Europe (Hustedt 1945 , Reichardt 1999 , Asia (Lange-Bertalot & Genkal 1999 , Li et al. 2006 and Australia and environs (Hustedt 1942 , Kociolek et al. 2004 ).
India is a large, geographically complex country with ten different biogeographic zones covering over 3 million sq. km, about a third the size of all of Europe, but with nearly 50% greater human population (World Population Prospects, 2008) . The country shares borders with Bangladesh, Bhutan, Myanmar, China, Nepal and Pakistan. The complexity of India's freshwater environments includes three major, complex watersheds (Himalayas and the Karakoram ranges; Vindhya, Satpura ranges and the Chota Nagpur Plateau; and the Western Ghats) that cut across the country, related to their sources in the mountains. Freshwater environments range in elevation from sea level at the coast to over 8000 m above sea level.
The diatom genus Gomphonema in India has been documented for over 160 years. First report of the genus in India was by Ehrenberg (1845) , who reported G. clavatum, G. gracile and G. turris from "Kolkatta" (then Calcutta) and River Ganges. Since then, 49 separate papers have identified 130 taxa of Gomphonema from India, mostly from lowland habitats. Of these, about 30% have been newly described taxa. In the region around India, gomphonemoid diatoms have been considered by Hustedt (1922) , Jüttner et al. (2004) from Nepal, and Mereschkowsky (1906) , Kociolek (1992) , and Li et al. (2006, in press ) from China. Though many species of Gomphonema have been described from India, there are extensive parts of the country that have not been investigated. The Western Ghats mountain range in Southern India, one of the Gondwanaland breakup landmasses, is amongst the most important hotspots of biodiversity. Western Ghats is a chain of mountains that runs parallel with the west coast of India for over 1600 km from 8°15'N to 21°00'N. Due to its distinct physiographic, edaphic and climatic gradients, this region harbors a wide array of habitats with unique geographic position and that support unique sets of flora and fauna. The Western Ghats harbors approximately 5000 species of vascular plants belonging to nearly 2200 genera; about 1700 species (34%) are endemic. There are also 58 endemic plant genera, while nearly three-quarters of the endemic genera have only a single species (Conservation International, 2008) . The fauna and flora of this region has attracted attention of systematic and evolutionary biologists because of the mixture of high-level endemism (Inger, 1999; Myers et al. 2000) and various affinities with other biogeographic regions (Bossuyt & Milinkovitch, 2001) .
In the present report we have compiled a checklist of the Gomphonema taxa previously reported and described from India (Table 1) . We also document and describe with light and scanning electron microscopy three new species of Gomphonema from Central Western Ghats, Karnataka State, India. We also present information about each species' autecology, with particular attention paid to water chemistry and seasonality.
Materials and methods
Ten first to fourth order streams were surveyed for diatoms and water quality assessment in the Bedthi River Basin, Central Western Ghats, Karnataka (Fig. 1 ) from January to December, 2006. Diatom samples were collected by vigorously scrubbing 3-5 stones from the substratum with a toothbrush and the resultant suspension was preserved in ethanol. A portion of sample was oxidized by the hot HCl and KMnO 4 method (Taylor et al. 2007 ). Cleaned material was mounted onto glass slides with Gandhi 1956; Gandhi 1960a; Gandhi 1960b; Gandhi acuminatum May. 1964; Gandhi 1967; Sarode and Kamat 1980; Sarode and Kamat 1983; Sarode and Kamat 1984; Gandhi 1998; Kumawat et Skvortzow 1935; Venkataraman 1939; Gandhi 1955; Gandhi 1957a; Gandhi 1958b; Gandhi 1959a; Gandhi 1959c; Gandhi 1960a; Gandhi 1960b; Singh 1961; Gandhi 1962a; Gandhi 1966; Gandhi 1967; Sarode and Kamat 1980; Sarode and Kamat 1983; Sarode and Kamat 1984; Prasad and Srivastava 1992; Gandhi 1998; Kumawat et al. 2008 98 Gomphonema parvulum (Kütz.) Grun. Gandhi 1960a; Gandhi 1962b; Gandhi 1966; v. lagenula (Grun.) Hust. Sarode and Kamat 1983; Sarode and Kamat 1984; Kumawat et al. 2008 99 Gomphonema parvulum (Kütz.) Grun. Gandhi 1960a; Gandhi 1960b; Gandhi 1962b; Gandhi v. micropus (Kütz.) Cl. 1966; Sarode and Kamat 1983; Sarode and Kamat 1984; Prasad and Srivastava 1992 100 Gomphonema parvulum (Kütz.) Grun. Gandhi 1956; Gandhi 1957a; Gandhi 1958b; Gandhi v. subellipticum Cl. 1960a; Gandhi 1960b; Gandhi 1966; Sarode and Kamat 1983; Sarode and Kamat 1984; Kumawat et al. 2008 101 Gomphonema parvulum (Kütz.) Venkataraman 1957 Grun. v. subcapitata V.H.
102
Gomphonema parvulum (Kütz.) v. Gandhi 1959c; Gandhi 1962b; Gandhi 1964; Gandhi exlissma Grun. 1967; Sarode and Kamat 1983; Sarode and Kamat 1984; Prasad and Srivastava 1992; Gandhi 1998; Kumawat et al. 2008; 103 Gomphonema parvulum (Kütz.) Gandhi 1956 V.H. v . genuinium May. Krishnamurthy 1954; Gandhi 1957a; Gandhi 1958b; Gandhi 1959c; Gandhi 1960a; Gandhi 1964; Srinivasan 1965; Gandhi 1966; Sarode and Kamat 1980; Sarode and Kamat 1983; Sarode and Kamat 1984; Prasad and Srivastava 1992; Kumawat et Naphrax mounting medium and observed with Olympus BX-51 light microscopes equipped with DIC and 1.4NA objectives. Digital images were taken with an Olympus DP-71 digital camera. Scanning electron microscopy was done with cleaned specimens air dried onto cover glasses, attached to aluminum stubs, sputter-coated with 10 nm of Au-Pd, and examined in high vacuum mode with a JSM-6480LV (LVSEM) at 15 kV, with a spot size of 15, and a working distance of 8 mm. SEM work was performed at the University of Colorado's Nanomaterials Characterization Facility. In India, SEM work was accomplished with cleaned material air-dried onto cover glasses and sputter coated with ca. 10 nm of Au-Pd. Coated material was viewed in a FEI Quanta 200 ESEM at Indian Institute of Science Nanoscience Initiative Facility. Terminology on the diatom valves follows Ross et al. (1979) . For features found in the gomphonemoid diatoms, we follow the terminology and character descriptions of Kociolek & Stoermer (1993) In the SEM, the exterior of the valve is dominated by areolae with flaps that form c-shaped openings (Figs 10-13). The undulate raphe has dilated proximal ends, while the external ends are deflected onto the mantle in the same direction (opposite the side bearing the stigma) (Figs 10, 13). The external stigmal opening is small and round (Figs 10, 12) . The apical pore field is separated from the striae, and composed of rounded porelli (Figs 10, 13, 15) . Internally, a small central nodule, relatively large helictoglossae, pseudosepta and the raphe slit are visible (Figs 16, 17, 18, and 19) . The central nodule has highly recurved raphe ends that terminate as tight loops. A flap extends from each side of the central nodule, obscuring part of the curvature of the raphe (Figs 16, 17, 19) . A slit-like stigmal opening is present on the small central nodule (Figs 16, 17, 19) . On either side of the valve interior, marginal laminae are present (Figs 16) . Helictoglossae appear to be in line with each raphe branch (Figs 16, 18) .
In girdle view, the apical pore field porelli are round, extending from the edge of the valve face and to the end of the mantle (Fig. 15) . Bands are of the open type, and narrow; they follow the contour of the valve in girdle view. At the headpole the distal raphe end can be seen extending onto the mantle (Fig. 14) . Areolae appear sunken into ellipsoidal depressions, in each of which is a flap (Figs 14, 15 ).
This species resembles both G. pararhombicum Reichardt, Jüttner & Cox and G. incognitum Reichard, Jüttner & Cox (Jüttner et al. 2004, p. 238) . All three taxa have a similar valve outline and wide axial area. Gomphonema gandhii is more slender, has a narrower headpole and coarser striae than either of the species described from Nepal. The expanded concept of G. incognitum suggested by Reichardt (2005) is difficult to embrace, since specimens with very different valve shapes, sizes and striae densities have been considered conspecific. Coarser striae and more slender valves also distinguish G. gandhi from G. siamense Reichardt, and valve shape Figs 10-15. SEM. External view of Gomphonema gandhii. Fig. 10 . Exterior view of whole valve. Fig. 11 . Exterior of valve, headpole, with the external distal raphe end curving onto the valve mantle. Fig. 12 . Exterior of valve center showing the stigma, dilated proximal raphe end and striae. Fig. 13 . Exterior of valve showing the deflected apical end of raphe and rounded porelli. Fig. 14 . Girdle view of the head pole showing the distal raphe end extending on to the mantle. Fig. 15 Girdle view of the foot pole with round apical pore field porelli. Scale bar represents 5µm (Fig. 10) ; 1 µm (Figs 11, 12, 13, 14, 15) .
(lacking the cuneate headpole) and coarser striae separate the Indian species from G. uniserhombicum Reichardt (2005) .
ECOLOGY: Gomphonema gandhii is found throughout the central Western Ghats rivers. This species is present throughout the year, reaching maximum relative abundance (60%) in September. The population of this species increases in winter season (Oct-Jan). This species occurs in abundance in many hill streams of central Western Ghats region. This species occurs in circumneutral streams (pH: 7.08 ± 0.17) with poor nutrients (Phosphate: 0.04 ± 0.02 mgl -1 ; Nitrates: 0.29 ± 0.37 mgl -1 ) and conductivity between 89.86 ± 26.18 µScm -1 (see Table 2 ). The land cover in the catchment is characterized with wet evergreen to semi-evergreen forest type, and with least agricultural activities. In the SEM, the valve exterior is dominated by slit-like areolae, a slightly undulate raphe with dilated proximal ends and a bilobed apical pore field (Figs 34-36 ). The central area has large, tear-dropped shaped proximal raphe ends and a small, round (Fig. 34) ; 1 µm (Fig. 36) ; 0.5 µm (Fig. 35) stigmal opening (Fig. 34) . The apical pore field is composed of round porelli that are both physically separated and morphological distinct from the areolae (Figs 34,  36 ). The headpole looks blunt, where the interface between the valve face and mantle is abrupt (Figs 34, 35) . The raphe bends onto the mantle, and bisects a group of porelli-like pores that are both physically separate and morphologically differentiated from the areolae (Figs 34, 36 ). Porelli extend from the valve face onto the mantle (Figs 34, 36, 40) . Internally, the proximal raphe ends are broadly recurved on a central nodule that appears composed of two internally-elevated sections. Between the sections is situated a rounded stigmal opening (Figs 37, 38) . Along the mantle on each side is a marginal lamina (Fig. 38) . Helictoglossae are relatively large, and the (Fig. 37) ; 1 µm (Figs 38, 39, 40) .
Gomphonema difformum
one positioned at the headpole is usually offset from the raphe branch (Fig. 37) . Pseudosepta are visible at each pole (Fig. 37) .
In girdle view the mantle has round porelli randomly distributed across it. Bands are of the open type, with the closed ends also bearing septa (Figs 39, 40) . The bands follow the valve outline in girdle view.
This taxon resembles Gomphonema kaznakowi Meresch. in that the headpole looks similar in structure to the footpole. In both G. kaznakowi and G. difformum, the headpole striae are physically separated from the striae. In G. difformum, the headpole has porelli-like openings, very similar to the porelli of the apical pore field at the footpole; this condition is not seen in G. kaznakowi (Kociolek 1996; Li et al. 2006) .
ECOLOGY: Gomphonema difformum is known only from the type locality. This species is present throughout the year with relative abundance of 20% and less. This species occurred in a stream with neutral pH (7.16 ± 0.27), poor nutrients (Phosphate: 0.04 ± 0.02 mgl ) and conductivity between 79.71 ± 11.12 µScm -1 (see Table 2 ). The land cover in the catchment is characterized with wet evergreen to semi-evergreen forest type with moderate agricultural activities. ETYMOLOGY: The species is named for its small size.
Gomphonema diminutum
In the SEM, the valve exterior has areolae that are slit-or c-shaped on the valve face, but on the mantle striae are composed of two rows of rounded areolae (Figs 47, 48) . The raphe appears slightly undulate with enlarged proximal raphe ends. A small, round external stigmal opening is present in the central area (Figs 47, 48) . At the footpole, the apical pore field is physically offset from the areolae by a hyaline border. Porelli are round, sembling in size and shape the last stria near the hyaline area. At the headpole areolae are rounded and in double rows, like those on the mantle (Figs 47 and 49) . Internally, the central nodule is bilobed, hosting the broadly recurved proximal raphe ends. In the middle of the central nodule is placed an ellipsoidal stigmal opening (Fig. 51) . Marginal laminae are present on each side of the valve (Fig. 51) . Helictoglossae at the headpole and footpole are offset from the raphe branches. Pseudosepta are present at the poles (Fig. 51) .
In girdle view the mantle of the valve has striae with areolae that terminate as slits or in double rows of punctate striae. Striae have round areolae at the headpole (Fig. 49) . At the footpole the round apical pore field porelli extend onto to the end of the mantle (Fig. 50) . Girdle bands are of the open type, following the contour of the valve. Closed ends of the bands possess septa.
Gomphonema diminutum resembles G. incognitum Reichardt, Jüttner & Cox in Jüttner et al. (2004, p. 245) in size range and having a wide axial area. The species from India is linear in shape, is narrower and has finer striae than the species described from Nepal. Superficial resemblance in terms of having a broad axial area exists between G. diminutum and G. schweickerdtii Cholnoky (which was, in part, recently suggested to be conspecific with G. clevei Fricke, Reichardt 2005) , but the Indian species is longer but narrower than the South African taxon (Cholnoky 1953 conductivity between 89.86 ± 26.18 µScm -1 (see Table 2 ). The land cover in the catchment is characterized with wet evergreen to semi-evergreen forest type with the least agricultural disturbance. 
Discussion
Our work on the present group of species contributes to a growing opinion that endemism in freshwater diatoms, particularly those based in Southern Hemisphere locations, may be much more common than was previously thought (e.g., Mann & Droop 1996 , Mann 1999 , Kociolek & Spaulding 2000 , Kociolek & Stoermer 2001 , Kilroy et al. 2003 , Vanormelingen et al. 2008 . However, recent taxonomic work on selected diatom taxa from Himalayas (Jüttner et al. 2004 ) and the current study has led to the recognition of an increasing number of endemic taxa in the freshwater diatom flora of the Indian subcontinent, particularly biodiversity hotspots like Western Ghats and Eastern Himalayas. Based on unpublished work by Karthick (Ph.D. Dissertation on Ecology of Stream Diatom Community in Central Western Ghats, to be submitted to Mysore University), some of the Gomphonema species found in the Western Ghats are widespread on other continents, but a few others, particularly those in streams of Western Ghats, seem to have limited geographical distributions. India has a diverse flora, but there is still a lot to do to document and create a more substantial understanding of this large and complex country. The three new species presented here occur in several environments, and are the dominants or represent a large proportion of the diatoms present in the collections. While there have been many (over 100) Gomphonema taxa reported from India, it still does not approach the number recorded from the intensely studied continent of Europe (e.g. Krammer & Lange-Bertalot 1986 , e.g. Reichardt 1999 or the little studied country of the USA (Kociolek 2005, lists 237 Gomphonema taxa reported in the literature).
Of the three new species, G. difformum is quite different from almost all other Gomphonema species. Of particular note is the presence of what appears to be apical pore fields at both the headpole and footpole. Our observations illustrate at the headpole, groups of pores on the mantle at either side of the external distal raphe end that are separate from and quite dissimilar to the areolae. Their oblong to rounded appearance is more similar to the porelli of the apical pore fields at the footpole than the slit-like areolae found in G. difformum. Structures similar to apical pore fields at the headpole are also seen in G. kaznakowi, described from high mountain sites from China (Mereschkowsky 1906) . Kociolek (1992) showed with electron microscopy that hyaline areas at the headpole of this species were composed of densely arranged areolae, that were physically separate from valve face areoale, but not structurally differentiated from nor more compact (at least in terms of the porelli found at the footpole) than the valve areolae. Gomphonema difformum differs from G. kaznakowi by a number of features, most notably by possessing a stigma and having external proximal raphe ends that are quite dilated. Gomphonema gandhii has a unique feature, namely the presence of a hood or siliceous fold over the central nodule, the edge of which is suggestive of the internal proximal raphe ends. In this feature it looks very similar to Gomphocymbella species from the East African Rift Valley lakes (Kociolek & Stoermer 1993) ; the feature is found in no other freshwater gomphonemoid diatoms. Gomphonema diminutum seems to be closely allied with species described from the Himalayas, though more work is necessary to affirm their relationships. For example, though not described nor illustrated in the original work, it appears that the Himalayan species do have both septa and pseudosepta. These features have been overlooked by many students of the genus Gomphonema (e.g. Patrick in Patrick & Reimer 1966 , Reichardt 2005 , 2007 . These similarities with species from a variety of areas support the idea of biogeographic distributions that have a phylogenetic basis. Williams & Reid (2006) have addressed this issue amongst the Eunotioid diatoms. These three new species occur in oligotrophic, low conductivity, pH neutral water, whereas the commonly reported Gomphonema species in Southern India, such as G. parvulum, G. gracile, G.affine, and G. pseudoaugur , occur in eutrophic, alkaline and high conductivity, waters. The distribution ranges of all three species were restricted to Western Ghats streams; hence these three species appear to be endemic to Western Ghats. However studies on diatoms in peninsular India are meager and it is too early to comment on the distribution of these species.
A phylogenetic analysis based on morphological data is necessary to further confirm the relationships of these three taxa with African and Himalayan taxa. The data from fossil and contemporary faunas indicate that, throughout the late Cretaceous, India maintained biological exchanges with adjacent lands (Briggs 2003) . This could be a reason for these species connection with the African and Himalayan species. The biotic components of Africa, Madagascar and Western Ghats have inspired centuries of speculation relating to the mechanisms by which these biotas came to reside in these regions, and regarding their commonalities. Most of the authors claim that the most probable causal factors are Gondwanan vicariance and/or Cenozoic dispersal (Yoder & Nowak 2006) . It would be interesting to study further on diatom flora of Western Ghats in detail and compare them with Indian Ocean islands and African species to elucidate their biogeographic history.
While recent researches on diatom taxonomy from tropical regions are challenging the ubiquity hypothesis for diatoms, they also seem to confirm that diatom communities are controlled by the same processes affecting macro-organisms in a different scale (Vanormelingen et al. 2008) . These studies therefore also highlight the need for conservation and the protection of unique and isolated areas, such as Western Ghats, against habitat alterations and introduction of exotic species. Thus, it is important for future studies of diatom biodiversity to include the mechanisms generating diatom species diversity and distributions. Previous reports of Gomphonema taxa from Western Ghats are from light microscope observations and therefore are subject to further verification. The current report improves our knowledge of status, and phylogentic relation of Gomphonema and the biodiversity of freshwater diatoms of Western Ghats. These current results underscore the pressing need to continue research into diatom taxonomy and ecology in least explored geographical zone on earth particularly southern hemisphere.
